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Introduction
Within the context of high energy costs and in response to increasing environmental concerns, the use of aluminium-composite hybrid structures represents, now more than ever, a promising way to decrease the weight of transportation vehicles such as buses and cars. Also, by bonding laminates to metal substrates, one can usually increase the flexural stiffness of a metal [1] , making it highly suitable for a structural application within a vehicle. Because it allows dissimilar material assembly and uniformly distributed stresses between the joined parts, adhesive bonding is still the most suitable method to join together metallic and polymeric materials. However, as it is the case with metallic materials, most thermoset composites used for structural load-bearing applications require pre-bonding surface property modifications (physical and/or chemical).
For many years now, grit-blasting has been identified, by far, as the preferred surface pretreatment method for thermoset composites [2] . Indeed, because of their cross-linked structures and the intrinsic polarity of their resin polymer chains, thermoset composites are theoretically quite easy to bond. Hence, using a simple solvent degreasing step followed by a grit-blasting process, one can usually remove the mould release agent as well as the thin layer of low molecular weight species present on, or close to, the composite surface. The surface obtained, when properly roughened, presents a fresh molecular network that According to Owens and collaborators [3, 4] , the surface free energy of a substrate (γ ) and dipole-induced dipole interactions, acid-base interactions and hydrogen bonds (r is the distance that separates interacting entities) [5] .
Therefore, when applying a surface pretreatment to increase the surface free energy of a substrate, one generally targets a significant increase in the polar part of γ S . For example, it has been demonstrated that raising γ P of a thermoplastic low-density polyethylene material increases the adhesive-substrate bond strength under the shear mode [6] . In this last example, the value of the γ and promising experimental approaches. Indeed, since it operates under ambient pressure, it virtually presents no limitation in the size and shape of the parts to be treated. Moreover, keeping the integrity of the treated bulk material is not a concern, since the plasma temperature is low compared to traditional flame treatments. Therefore, overheating of the material is unlikely to occur. However, because they are inherently more difficult to bond, thermoplastic polymers [7] have been the object of most studies on the efficiency of atmospheric cold plasma as a surface pretreatment [e.g., 6, [8] [9] [10] [11] [12] [13] . Consequently, there is no available data indicating to which extent atmospheric cold plasma can modify the surface free energy of a thermoset composite prior to adhesive bonding.
Despite the recognized efficiency of grit-blasting as a pretreatment of thermoset composites prior to adhesive bonding, in a recent article, Boerio et al. reported that, up to date, only a few studies have quantitatively stated on the surface free energy modifications induced by grit-blasting processes [14] . Without being an extensive literature review, Table 1 presents to which extent grit-blasting typically influences surface free energy parameters measured for different thermoset composites. As shown, grit-blasting generally modifies both the γ D and γ P components of the surface free energy and, in all cases, the grit-blasting process led to a global increase of the surface free energy. Among available literature, the effect of grit-blasting on the surface free energy of epoxy-based composites has received more attention than any other thermoset resin. This interest is mainly explained by the importance of epoxy resins in the aerospace sector. However, Therefore, the objective of this article is to highlight the effect of grit-blasting pretreatment on the surface free energy components of a fibreglass-reinforced epoxy vinyl ester composite. Also, since it represents a promising, versatile, highspeed and dust-free surface treatment, emerging atmospheric cold plasma technology will be used individually or in combination with a grit-blasting process to advantageously modify the surface chemistry of the composite. Finally, a detailed discussion on the information provided, using a combination of surface free energy calculation methods, will be presented. 
Experimental Details
The main composite system used in this investigation was prepared using an epoxy vinyl ester resin obtained from Ashland Composite Polymers. Details pertaining to the fibreglass content and composite moulding procedure cannot be revealed.
Grit-blasting procedures were performed using 220-grit high-purity (≥99.3%) white alumina (White Abrasives, Niagara Falls, ON, CAN) and 220-grit HPX grade garnet particles (Barton Mines Company, Lake George, NY, USA). Oil-free compressed air was used for grit-blasting at a pressure of 80 psi (550 kPa). Two (2) passes, at a 45° fixed approach angle and a 15 cm stand-off distance, were performed to obtain an appropriate level of roughness. Abrasion using a 24-grit pad was also performed. This specific abrasion technique was used for comparison purposes with grit-blasting processes because it is usually easy to implement in industry and, more importantly, because it is often used for flattening of the whole surface of a composite. Prior to grit-blasting or abrading, samples were acetone degreased to minimize incorporation of surface impurities within the structural material.
Plasma treatments were performed with an Atomflo™-250 plasma source from Surfx® Technologies LLC (Culver City, CA, USA). The plasma was maintained by supplying a 13.56 MHz excitation RF to the electrodes [17] . Ar at a 30-L/min 
Owens and Wendt [3] , and Kaelble and Uy [4] included, in 1969 and 1970 respectively, the polar interactions to the theory suggested by Fowkes: [21] .
Because the drop shape analysis system available for contact angle measurements allows a third liquid, formamide was used as the second polar liquid. In the past, liquid triplet water-diiodomethane-formamide was successfully used for surface free energy measurements of different materials [e.g., 21, 22] .
Moreover, it must be mentioned that the SFE calculation method suggested by
Owens et al. is the most often applied method for polymeric materials [21] .
The Lifshitz -van der Waals / acid-base approach (LWAB) to determine the surface free energy of substrates was proposed by Van Oss, Fowkes, Chaudhury and Good [23] [24] [25] [26] [27] [28] Selection of the second polar liquid was done using the approach suggested by
Holländer [31] . According to Holländer, the concept of mathematical instability For accurate surface energy calculations, it is usually recommended to determine the effect of surface roughness on the measured contact angles. Indeed, contact angles measured for rough surfaces can be corrected to take into account the contribution of the roughness in the modification of the "real" contact angle, which is solely dependent on the energetic characteristics of the surface. Wenzel [33] defined a roughness correction factor (R c ) expressed as: 
Results and Discussion

Mechanical Pretreatments
The surface free energy of the fibreglass-reinforced epoxy vinyl ester composite was determined following a simple degreasing step using acetone with a Kimwipes™ towel. ) on the surface of the composite [34] . Indeed, the wettability envelope calculated from these data demonstrates that the surface tension of the 2-component epoxy adhesive lies inside the contour of the envelope defined by the corrected surface free energy of the degreased composite (figure not shown).
From this point on, SFE values appearing in the text are corrected for surface roughness. Besides the basic information provided by wettability envelopes, Chin
and Wightman [15] demonstrated that the durability of assemblies can be considerably improved by increasing the surface free energy of a composite to a higher level. In other words, the larger the difference between the surface tension of the adhesive and surface free energy of the composite is, the more durable the Moreover, traces of impurities would also have remained strongly adsorbed within the first layers of the material, making them impossible to remove using a Kimwipes™ towel. As shown in Table 1 , polar components of the same order of magnitude were determined for different as-tooled composites. The surface free energy of the degreased composite was also determined using the LWAB theory. Consequently, flattening of the surface using a mechanical approach is required prior to bonding for two reasons. Firstly, these unflattened topographic features will lead to significant stress concentrations phenomena and, secondly, the chemistry of the surface is certainly different from the chemistry of the bulk resin material. Thus, in the aim of exposing the fresh bulk resin matrix, introducing reproducible surface roughness features and removing the remaining traces of near-surface impurities, a grit-blasting process using 220-grit white alumina was performed. As shown in Figure 3b , the grit-blasted substrate, at the presented scale, most likely exhibits a well defined pattern on a much smoother surface.
The surface roughness obtained from grit-blasting should be helpful for adhesion through a mechanical interlocking mechanism without the creation of stress concentrations. Similar roughness features were observed on the surface of the grit-blasted composite using the garnet abrasive. As shown in Table 3 can be explained by the fact that the epoxy vinyl ester resin was cured without using an external heat supply and, moreover, the surface to bond was not pressed against a hot steel moulding plate. These results, and others obtained from mechanical pretreatments, are all summarized in Table 3 abrasive leads to a significant increase of the SFE polar component [14] . Within a manufacturing environment, the use of garnet abrasives is advantageous, since it is a low dust material and less expensive than white alumina.
The moulding/curing process of the epoxy vinyl ester resin employed leads to the formation of a macro-rough surface on one side of the panel. However, using a 24-grit abrading pad, it is possible to rapidly flatten the whole surface of the composite. This flattening procedure allows a fast rectification of the surface that could be required for some applications in which planarity is a requirement. To assess if this type of surface preparation gives a surface appropriate for adhesive bonding, surface free energy measurements were performed on it. Table 3 shows that a total SFE of 42.4 mJ/m 
Combined Mechanical and Atmospheric Cold Plasma Pretreatments
In previous sections, grit-blasting using either 220-grit alumina or garnet has Following a grit-blasting step, the surface of a fibreglass / epoxy vinyl ester composite was treated using argon plasma at a processing speed of 18 m/min. to those obtained for the composite treated using argon plasma, without any previous step of grit-blasting (see Table 4 ). This result clearly demonstrates that the oxidizing power of argon plasma toward the freshly exposed epoxy vinyl ester resin matrix is not sufficient to increase the SFE of the composite to a higher level. In order to increase the oxidizing power of the argon plasma processed at a speed of 18 m/min, 0.07% oxygen was again inserted into the argon gas. As shown in Table 5 Then, the presence of fibreglass reinforcement material on the surface of the composite adversely affects atmospheric cold plasma treatment efficiency.
Moreover, from a mechanical point of view and as previously pointed out, the presence of loosely retained fibreglass at the adhesive/composite interface is highly detrimental to joint performance.
Correlation between SFE Calculations from Owens et al. and Lifshitz -van der Waals / Acid-Base (LWAB) Methods
The Lifshitz -van der Waals / acid-base (LWAB) method to determine solid surface free energy, proposed by Van Oss and colleagues, presents a very useful approach, since it theoretically provides indications on the acid-base character of a surface. As mentioned previously, it is, however, the object of a controversy, since the assumption γ esters, alcohols, ethers, peroxides and hydroperoxides has also been proposed [40] . In order to understand at a molecular-level the oxidation mechanism of the epoxy vinyl ester composite exposed to the atmospheric cold plasma shower, ATR infrared spectra of the composite surface were recorded. 
